A cell-free coupled system for transcription, translation and glycoprotein processing of the Newcastle disease virus genome is described. The system consists of a rabbit reticulocyte lysate preincubated with micrococcal nuclease and of detergentdisrupted purified Newcastle disease virions.
INTRODUCTION
In contrast to rhabdoviruses and diplornaviruses the virion-associated transcriptase of myxoviruses is poorly efficient in vitro. This seems a general observation for this group of viruses although several strain differences exist (Simpson & Bean, 1975) .
Paramyxovirus transcriptase is stimulated by the addition of several synthetic polynucleotides (Stone & Kingsbury, 1973) or by the addition of cytoplasmic lysates from L ceils . Although active NDV mRNA was extracted from such a system and subsequently translated in a cell-free system into authentic NDV proteins as well as mRNA from NDV-infected cytoplasm (Morrison et al., 1975; Clinkscales et al., 1977; Davies et al., 1976; Jones et al., 1978) , Collins et al. (1978) were unable to find evidence for the coupling of transcription and translation under the conditions they used. In the present work, we report successful transcription, translation and post-translational processing of the NDV genome in a reticulocyte-derived cell-free system in the presence of dog pancreas microsomes.
METHODS
Cells and virus. NDV strain La Sota was propagated in embryonated eggs as described previously (Nagai et al., 1976) . For purification, virus was concentrated from allantoic fluid by pelleting for 60 min at 100000 g. The virus was resuspended in phosphate-buffered saline and further purified by isopycnic centrifugation for 16 h at 25000 rev/min in a Beckman SW27 rotor on a linear 30 to 50% (w/w) sucrose gradient in TNE buffer (0-01 Mtris pH 7.4, 0.1 M-NaC1, 0.001 M-EDTA). The virus band was collected, diluted at least three-fold in TNE and reconcentrated by pelleting for 60 min at 35000 rev/min in a Beckman 50.2 rotor. The pellet was resuspended in TNE to a final concentration of 20 to 100 mg protein per ml and stored in liquid nitrogen.
BHK21 cells were propagated in minimal essential medium containing 10% foetal calf serum. Cells were infected at a multiplicity of 1 to 10 p.f.u./cell and then labelled with 6/tCi of [3SS]methionine per ml from 4 to 6 h after infection. Cytoplasmic extracts were then prepared as described previously (Content, 1976) .
Cell-free translation. Purified NDV was disrupted for 2 min at 20 °C in 8 mM-HEPES pH 8, 0.3% Triton N-101, 0.1% sodium deoxycholate, 200 mM-urea, 10 mM-2-mercaptoethanol, 10 mM-potassium acetate (Content et al., 1978 a) . Translation was carried out in a cell-free system obtained from rabbit reticulocyte lysates exactly as described earlier except that the reactions were supplemented with 0.8 mM-fructose 1,6-diphosphate (Content et al., 1978a) . Dog pancreas microsomes were prepared essentially as described by Walter et al. (1979) with the following modifications: all solutions were supplemented with 50 mM-KC1 and 20 U/ml Trasylol. Rough microsomes were resuspended in 250 mM-sucrose, 50 mMtriethanolamine-HC1 pH 7.5, 1 mM-dithiothreitol, 50 mM-KC1 and i0 U/ml Trasylol (solution A) and incubated with 75 U/ml micrococcal nuclease (Boehringer Corp), 1 mMCaC12 for 15 min at 20 °C. This reaction was arrested by the addition of an equal volume of 46 mM-EDTA in solution A and after a second centrifugation at 140 000 g the microsomes were resuspended at 50 Az~ o per ml in solution A and stored in liquid nitrogen. Each preparation was pretested for its ability to cleave the signal peptide from rat pre-growth hormone in a reticulocyte cell-free system programmed with rat hypophyseal mRNA (a kind gift from Dr G. Vassart, IRIBHN, Brussels).
Product identification. Polyacrylamide gel electrophoresis (PAGE)on 13% acrylamide, 0.1% bisacrylamide slab gels was done as described previously (Content et al., 1978a) . Fluorography of the dried gel was further amplified by using a Cawo 'rapid screen' (Cawo, Photochemische Fabrik, Schrobenhausen, F.R.G.) and pre-exposed film (Laskey & Mills, 1975) . Peptide maps were done exactly as described before (Content et al., 1978 a) .
For immunoprecipitation the reaction products in 25/zl were precipitated by addition of 2/tl of rabbit anti-HN in the presence of 1% sodium deoxycholate and 1% Nonidet P40 for 1 h at 37 °C and 30 Ftl of a 10% suspension of Staphylococcus aureus Cowan I for 30 min at 20 °C. After extensive washings, the bacterial pellet was dissolved and boiled for 2 min in electrophoresis sample buffer, clarified for 2 min at 9000 g and applied to a 13% polyacrylamide gel. After electrophoresis, the gel was treated with En3Hance (New England Nuclear) and fluorographed at -70 °C.
Antiserum preparation (monospecific anti-HN serum) . Monospecific antiserum against glycoprotein HN was raised in rabbits by repeated injections with the purified protein that was obtained from virions of NDV strain Ulster grown in MDBK cells. The virus was grown in the presence of trypsin; thus HN was present in the cleaved form. The specificity of the antiserum was tested by immunodiffusion and immunoprecipitation using the proteins of strain Ulster as antigens. The antiserum showed cross-reactivity with the HN strain La Sota as demonstrated by haemagglutination inhibition (T. Kohama, unpublished results).
RESULTS
Coupling of transcription and translation in the cell-free system and analysis of the translation products Purified NDV virions that were disrupted by a mixture of sodium deoxycholate, Triton N-101 and urea, stimulated [35S]methionine incorporation in a micrococcal nuclease-treated reticulocyte lysate for at least 3 to 4 h (Fig. 1 ). This is a significant observation in the light of the fact the reticulocyte lysate system, when programmed with exogenous m R N A , usually does not function linearly for more than 30 or 40 rain in total. Thus, in the system analysed here, m R N A appears to be made continuously (Ball & White, 1976 Content et al., 1977) , although it has to be pointed out that R N A synthesis was not measured directly in our experiments. The translation products of the cell-free reaction programmed with N D V virions were analysed by P A G E and fluorography. Fig. 1 shows the polypeptides synthesized at various periods of incubation ranging from 5 min to 4 h. The virus-specific proteins pre-HN, NP and M can be recognized. There are several endogenous proteins, e.g. the two bands migrating at 90K and 45K, and multiple components in the range of 20 to 28K which are also synthesized in the absence of virus template. N P (mol. wt. 56000) and M (tool. wt. 41000) proteins migrated exactly with authentic NP and M obtained either from egg-grown virus (data not shown) or from immunoprecipitates of NDV-infected BHK21 cells (see Fig.  3 a, lanes 2, 3) . The putative H N (pre-HN, mol. wt. 65 000 to 68 000) had a higher electrophoretic mobility than glycoprotein H N (mol. wt. 77000 to 80000) synthesized in vivo.
A 200K peptide also appeared at late incubation times, which is not visible in the endogenous reaction and co-migrates with a protein of similar mol. wt. in the cytoplasm f r o m NDVinfected cells and not detected in control cells. It is thus a possible candidate for the L protein.
A strong double band also appeared in the in vitro products between pre-HN and NP.
This could correspond to an unglycosylated precursor of F. However, these products could not be further identified with the authentic F protein since their mobility was not affected by In vitro synthesis in the presence of labelled methionine was carried out for 2 h. The NDV proteins present in cytoplasmic extracts of the infected BHK21 cells and in the cell-free reaction mixture were fractionated by preparative electrophoresis on a 13% polyacrylamide gel. Proteins M and NP were excised and submitted to partial digestion with S. aureus V8 protease at concentrations of 5, 50 and 500 ng per sample (from left to right) followed by electrophoresis and fluorography as described before (Cleveland et al., 1977; Content et al., 1978a) . The left lane contains t4C-labelled protein markers (mol. wt. 92500; 69000; 46000; 30000; 14000). Films were exposed for 14 days for M protein made in reticulocyte system and for 5 days in all other cases.
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Coupled transcription, translation and co-translational processing . After completion, aliquots of the reactions 1 and 4 were digested with 0.3 mg/ml trypsin and 0-3 mg/ml chymotrypsin for 90 min at +4 °C, followed by the addition of 3000 U/ml of Trasylol (lanes 2 and 5 respectively) or immunoprecipitated with an anti-HN rabbit serum (lanes 3 and 6 respectively). All the samples were then analysed by electrophoresis on acrylamide gel and fluorography. Exposure to the film was for 9 days. the addition of microsomal membranes to the cell-free system. Numerous bands of intermediate size were also detected between NP and M on longer exposure of the gel shown in Fig. 1 . They could be due either to partial transcripts, degradation of m R N A or premature termination of translation. Fig. 1 and 3 show also that the individual proteins were synthesized in different amounts. These proportions were the same in numerous experiments using different virus preparations.
To further characterize the in vitro products, peptides were prepared by partial digestion with S. aureus V8 protease (Cleveland et al., 1977; Content et aL, 1978a ) and compared to the peptides obtained from N D V proteins synthesized in vivo. The digestion pattern was totally distinct for each individual protein and dependent on the enzyme concentration (Fig.  2) . All the major [asS]methionine-labelled peptides of M and N P obtained from the cell-free system have their identical counterpart in the digests obtained from M and NP made in vivo. Thus, it can be concluded safely that authentic M and N P proteins are synthesized in the coupled cell-free system.
Processing of the in vitro synthesized ND V proteins
If the 65K to 68K cell-free product is to be considered as a virus glycoprotein precursor, its mol. wt. would be expected to change as a result of cleavage and/or glycosylation if dog pancreas microsomes are added to the translation mixture (Katz et al., 1977; Toneguzzo & Ghosh, 1978; Elder et al., 1979) . Fig. 3 shows indeed that, when translated in the presence of dog pancreas microsomes, the putative pre-HN was replaced by a new protein which co-migrated exactly with the authentic cytoplasmic HN protein (tool. wt. 77000 to 80000) in acrylamide gel. In other in vitro systems, where processing of glycoproteins is coupled only to the translation, processing is optimal when the microsomal preparation is present as soon as in vitro translation is initiated (Katz et al., 1977) . In our system, however, optimal results were obtained by adding the microsomes 60 min after initiating the reaction. This may be due to a slight inhibitory effect of the microsomes on transcription (data not shown). Unlike the precursor pre-HN, in vitro made HN can still be detected after incubation with chymotrypsin and trypsin (Fig. 3 b, lanes 2, 5 and Fig. 3 c) indicating its segregation into microsomal vesicles. It is interesting to note, however, that after protease treatment the mol. wt. of HN slightly decreased. This observation is compatible with the concept that HN spans the membrane vesicles and that a small, presumably C-terminal fragment is enzyme susceptible as has been described before with the G protein of vesicular stomatitis virus (VSV) (Katz et al., 1977; Toneguzzo & Ghosh, 1978) . Fig. 3 also shows that incubation with the microsomes had no effect on the electrophoretic mobility of the putative F protein (mol. wt. 62000), nor did microsomal membranes protect it from protease degradation (Fig. 3 b, lane  5) . Thus, with this protein there is no evidence for processing under in vitro conditions.
Immunoprecipitation with a rabbit antiserum against protein HN was used to analyse the antigenic relationship between the products of the cell-free reaction and glycoprotein HN synthesized in vivo. To test the specificity of the antiserum, it was first reacted with a lysate of BHK21 cells infected with NDV strain La Sota. The serum contains antibodies that precipitated trace amounts of polypeptides M, NP and F, but mainly the glycoprotein HN (Fig. 3 a, lanes l, 3) . In the cell-free system immunoprecipitation with the same antiserum appeared much less specific since, for reasons not fully understood, most of the other virus proteins precipitated. However, even in this case immunoprecipitation clearly resulted in an enrichment of pre-HN (Fig. 3 b, compare lanes 1 and 3) and of its putative glycosylated derivative HN (Fig. 3 b, compare lanes 4 and 6) . DISCUSSION We describe here, for the first time with paramyxoviruses, an in vitro system in which transcription, translation and post-translational processing are coupled. Previous reports have indicated the feasibility of the coupling of transcription and translation with VSV (Ball & White, 1976; Breindl & Holland, 1976; Toneguzzo & Ghosh, 1977) and influenza viruses (Content et al., 1977; Content et al., 1978a, b; Bouloy et al., 1978; Crumpton et al., 1978) . The latter viruses, although 25 times less active in vitro transcription than the VSV particles, are still 5 to 20 times more active than paramyxoviruses such as Sendal virus and NDV (for review, see Simpson & Bean, 1975) . Indeed, Ball et aL (1977 and Collins et al. (1978) reported the successful in vitro translation of in vitro-synthesized NDV mRNA, but also the failure of coupling in an L cell-derived cell-free system. In the present work, we have used a cell-free system similar to the one described before (Content et al., 1977) . It is based on the use of a rabbit reticulocyte lysate preincubated with micrococcal nuclease (Pelham & Jackson, 1976) . The kinetics of the reaction indicate that the system is coupled and that the proteins synthesized are not the result of the mere translation of some mRNA present in the virus preparations. Despite several attempts to optimize the different parameters of the cellfree reaction, incorporation was found to be rather low and stimulation over background Coupled transcription, translation and co-translational processing 83 activity was usually only two-to threefold. Addition of 0.5 to 1 raM-fructose-1,6-diphosphate (Lenz et al., 1978) to the system improved its efficiency about twofold. The effect of fructose-1,6-diphosphate is not explained and could be on transcription and/or translation.
In vitro translation has been accomplished before with several paramyxoviruses. With NDV, polypeptides corresponding to L, NP, F, 47K and M have been described previously (Morrison et al., 1975; Clinkscales et al., 1977; Collins et al., 1978) . With Sendal virus, evidence has been obtained for the in vitro synthesis of P, NP, M and a non-structural virus-specific protein (Kingsbury, 1973; Davies et al., 1976; Jones et al., 1978; Etkind et al., 1980) . Etkind et al. (1980) have also investigated in vitro translation of SV5 proteins and were able to demonstrate that, in addition to P, NP and M, unglycosylated analogues of glycoproteins HN and F were synthesized.
In the present study, the proteins synthesized in vitro have been characterized by their electrophoretic mobility on polyacrylamide gels, by their peptide maps or by immunoprecipitation. NP and M were clearly identified by the first two parameters as the authentic virus proteins. The amounts of L synthesized in vitro were too small to allow peptide mapping.
Since glycosylation does not occur in the absence of microsomal membranes, it is not surprising that HN and F synthesized under these conditions had lower apparent tool. wt. than their in vivo counterparts. HN has been shown to be synthesized in the coupled system as a precursor (pre-HN, mol. wt. 65 000 to 68 000) which, after addition of dog pancreas microsomes, is converted into a larger product (HN, mol. wt. 77 000 to 80000) indistinguishable in its apparent mol. wt. from authentic cytoplasmic or virion HN. Additional indication for the identity of pre-HN and HN synthesized in vitro is the observation that they are selectively enriched by immunoprecipitation with antisera specified against HN from virions. The observation that treatment with proteolytic enzymes causes only a slight reduction in mol. wt. of HN synthesized in vitro indicates that the molecule spans the microsomal membrane and that it is directed towards the lumen of the vesicle, except for a small, presumably C-terminal fragment exposed at the outer surface. Membrane insertion and an increase in tool. wt. have also been observed, when the G protein of VSV (Katz et al., 1977; Toneguzzo & Ghosh, 1978) and the influenza virus haemagglutinin (Elder et al., 1979; McCauley et al., 1980) were synthesized in cell-free systems containing dog pancreas microsomes, and with these glycoproteins both phenomena have been shown to be related to glycosylation and removal of a signal sequence. Thus, although not directly demonstrated, it is reasonable to assume that these modifications are also involved, when pre-HN is converted into HN.
Further analysis of the HN protein synthesized in an in vitro system as described here might throw light on an important aspect in the biosynthesis of this glycoprotein that is not yet completely understood. With NDV strains Ulster and Queensland a precursor HN o has been observed in vivo which is converted by proteolytic cleavage into HN. Cleavage is necessary for the biological activity of HN and it was found to be a determinant for virus pathogenicity (Nagai et al., 1976; Nagai & Klenk, 1977) . It is not known, however, whether synthesis of the precursor HN o occurs only with these two NDV strains or whether it is a general phenomenon with all paramyxoviruses.
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